■ INTRODUCTION
In the 26 years since the first rotaxane-based molecular shuttle was reported, 1 mechanically interlocked molecules (MIMs) have become firmly established within the field of nanoscale molecular machines and switches. 2−4 The ability to undergo controlled and reversible molecular motion via changes in the relative positions of their constituent parts, as dictated by the nature of the inherent mechanical bond, has been key to this success. 5−10 Furthermore, MIMs containing more than two interlocked components may be used to promote motions of even greater complexity that, for example, mimic the actions of an elevator, 11 compressor, 12, 13 or pincer 14−17 from the macroscopic world.
While a variety of light, 18, 19 redox, 20,21 and chemical 22−25 stimuli have been utilized to promote and control coconformational change in MIMs, exploiting their unique topological host cavities and dynamic properties for guestinduced shuttling or co-conformational switching as a sophisticated means of achieving molecular guest recognition and sensing, however, remains underdeveloped. Currently the number of reported examples of metal cation guest-driven switches 2,26−28 far outweighs anion-based analogues, 15,29−45 which is perhaps surprising given the fundamental roles negatively charged species play in a range of chemical, biological, and environmental processes. 46 Within the category of anion-mediated molecular switches, translational motion has been demonstrated in a number of multi-station rotaxanes, 15,29−43 including a recent example of a [3] rotaxane that produces pincer-like motion of its two macrocycle components upon oxoanion binding. 15 However, examples of anion controlled rotations of interlocked rings in catenanes are considerably rarer. 47−49 To date, discrete anion recognition has served as a stimulus for rotary motion in a homocatenane 50 whereas, to the best of our knowledge, the challenging circumrotation of one macrocycle around another in a heterocatenane 51 (akin to rotaxane shuttling) stimulated by anion binding has yet to be realized. 53 Furthermore, anionbinding-induced elaborate rotational motions in higher-order catenanes is unprecedented.
Providing a readily functionalizable electron-deficient scaffold with excellent chromophoric, emissive, and redox properties, perylene diimide (PDI) derivatives have become increasingly prevalent in the construction of supramolecular materials. 54−56 Their growth has also been fuelled by the ability of PDI compounds to participate in a variety of non-covalent interactions, with self-aggregation via intermolecular aromatic stacking being the most commonly exploited. 57−59 While this has been imaginatively utilized to direct supramolecular selfassembly, 55, 60 the isolation of individual molecular species in solution is critical to the pursuit of controlling the dynamics of a mechanically interlocked system (vide supra). This may explain why only a handful of MIMs containing PDI derivatives have been isolated. 61−65 One approach to inhibit the formation of aggregates is via the introduction of substituents in the PDI bay (1, 6, 7, 12) positions where sterics impart a propeller-type contortion of the aromatic framework away from planarity. 66 In addition to improving solubility and electron deficiency, we envisaged that the two naphthalimide subunits formed by the core tetrachlorination 67,68 of PDI would act as dual recognition sites allowing this motif to accommodate two hydroquinonebased macrocycles courtesy of aromatic donor−acceptor πstacking between electron-rich and electron-deficient aromatic rings.
Herein we report the synthesis of a novel dynamic [3] catenane consisting of a large four-station central macrocycle which incorporates a tetrachloro-functionalized PDI unit and two triazolium anion-binding motifs, and two smaller macrocycles containing isophthalamide anion-binding sites. This heterocatenane is demonstrated to undergo largeamplitude circumrotational anion recognition-induced molecular motion through the positional bias of the two peripheral macrocycles ( Figure 1 ). Importantly, we also demonstrate that this exotic dual rotary switching behavior can be exploited as a novel mechanism for optical anion sensing in protic organic and aqueous−organic media.
■ RESULTS AND DISCUSSION
Synthesis of the Hetero [3] catenane. The [3] catenane was prepared by a multi-step synthetic pathway as fully detailed in the Supporting Information (SI). Initially, a [1+1] macrocyclization reaction was performed in which a tetrachloro-PDI bis-biphenyl azide derivative was ring closed with a phenyl trityl bis-alkyne via a double copper(I)-catalyzed azide alkyne cycloaddition (CuAAC) "click" reaction under high dilution conditions to afford the large, rigid central ring (Scheme 1). Subsequent methylation of the triazole heterocycles and anion exchange to the chloride salt afforded the desired dicationic cyclic species 1·(Cl) 2 in an overall yield of 40%. 69 For catenane formation, chloride anion templation was used to facilitate the ring closing metathesis of two bis-vinylfunctionalized 5-nitro-isophthalamide macrocycle precursors 2 around the central four-station bis-triazolium tetrachloro PDI macrocyclic wheel 1·(Cl) 2 using Grubbs' II catalyst in dry dichloromethane (Scheme 1). Preparative silica thin-layer chromatography purification led to the isolation of the target [3] catenane 3·(Cl) 2 in 25% yield together with the [2] catenane 4·(Cl) 2 byproduct, in a yield of 21%. Both catenanes were characterized by 1 H, 13 C, and two-dimensional 1 H ROESY NMR spectroscopy and high-resolution mass spectrometry (see SI, section 2). 71 1 H NMR Rotary Motion Investigations. In order to assess the dynamic nature of [3] catenane 3·(A) 2 one-and twodimensional 1 H NMR spectroscopy was used to identify the predominant co-conformations of the coordinating (A = Cl − ) and non-coordinating (A = PF 6 − ) anion salts in CDCl 3 ( Figure  2 ).
In the case of 3·(Cl) 2 the coordination of two chloride anions between the orthogonal cyclic components by hydrogen bonding results in the peripheral isophthalamide-containing macrocycles residing at the triazolium stations of the large central macrocycle. This co-conformation is supported by a 1 H− 1 H ROESY NMR spectrum ( Figure S1 ) and the fact that formation of the [3] catenane induces no perturbation of the PDI protons H k but instead reveals diastereotopic splitting of the central macrocycle's methylene protons on either side of the triazolium stations, H b/b′ and H e/e′ (Figure 2a ). The observation that the atropisomerism of the PDI unit is propagated to this region of the central macrocycle is indicative of significant rigidity and steric constraint in this coconformation. As a consequence, a degree of restricted pirouetting of the peripheral macrocycles around the triazolium groups is also observed; their desymmetrization produces a set of resonances for each of the external isophthalamide aromatic protons (H α and H α′ ) and for each hydroquinone aromatic ring (H γ,γ′ and H γ″,γ‴ ). 73 The adoption of separate (asymmetric) coconformations by each isophthalamide macrocycle can be ruled out because comparison of the 1 H NMR spectra of [3] -and [2] catenanes, 3·(Cl) 2 and 4·(Cl) 2 , respectively, reveals identical desymmetrization in both, even at low temperature ( Figure  S2a ). Therefore, the same through-space interaction patterns are also seen in the two-dimensional 1 H ROESY NMR spectrum of the [2] catenane ( Figure S3 ). However, in contrast to the [3] catenane, the presence of separate singlet resonances for proto-triazolium protons H b and H b′ in the [2] catenane reveals that the isophthalamide macrocycle cannot pass over either the phenyl trityl spacer unit or the tetrachloro PDI motif, and so the position of each smaller ring is sterically restricted to one half of the larger central ring ( Figure S2b ).
Comparison of the 1 H NMR spectra of 3·(Cl) 2 and 3·(PF 6 ) 2 in CDCl 3 revealed, surprisingly, that anion exchange to the bishexafluorphosphate salt resulted in no shift in the PDI protons H k and only small perturbations to protons along the track of 
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Article the central ring (H e,b,j ), indicating negligible circumrotational motion ( Figure 2 ). In 3·(PF 6 ) 2 the sustained occupancy of the triazolium stations may be explained by favorable hydrogen bonding interactions between the polyether cavities of the two peripheral macrocycles and the polarized N-methyl triazolium protons, an effect that is manifested in the downfield shift of H c (Figure 2 ). Interestingly the subtle co-conformational changes that occur to accommodate these non-covalent interactions cause the isophthalamide aromatic protons H α and H α′ to become equivalent suggesting there is now more flexibility in the positions of the smaller rings. Therefore, in CDCl 3 , the removal of the coordinating halide anions from the [3] catenane "unlocks" the peripheral macrocycles affording them a greater degree of pirouetting motion ( Figure 2 ). Interestingly, interchange between all the triazolium-based co-conformers occurs on a time scale faster than that of the NMR experiment which, despite the desymmetrization of the peripheral macrocycles, produces relatively simplistic NMR spectra (vide inf ra).
Taking into account the solvent dependency of non-covalent aromatic stacking interactions, 74−85 and in particular on the formation of self-aggregated PDI π-stacks, 57,86,87 an investigation into the effect of increasing the polarity of the solvent medium on the predominant co-conformation of the [3]catenane salts was undertaken.
With the assistance of two-dimensional HSQC NMR, a comparison of the 1 H NMR spectrum of 3·(PF 6 ) 2 in CDCl 3 and 3:1 CDCl 3 :CD 3 OD suggests that the polar protic solvent mixture causes the [3] catenane to adopt a new coconformation that arises from circumrotatory motion of the peripheral macrocyclic wheels to the two naphthalimide subunits of the twisted PDI scaffold (Figure 3a,b) . Specifically, the addition of CD 3 OD was found to increase the complexity of Scheme 1. Chloride-Templated Syntheses of Hetero[3]-and - [2] catenanes 3·(Cl) 2 and 4·(Cl) 2
Article the 1 H NMR spectrum, to a degree that cannot be accounted for by further desymmetrization of the peripheral rings (Figures 3a and S4). 88 Instead, the appearance of chemical exchange peaks in the 1 H− 1 H ROESY NMR spectrum ( Figure S7 ) implies highly restricted isophthalamide macrocycle pirouetting in the new PDI-based co-conformation and hence the effects of slow exchange on the NMR time scale (Figure 3a ). Taking into account that the peripheral macrocycles cannot pass over the bulky PDI motif because of the chlorine substituents in the bay positions it is perhaps not surprising that the new aromatic stacking interactions between the interlocked components are susceptible to a significant degree of steric constraint. Indeed, complex NMR signal patterns have also been reported for PDI derivatives in which bulky substituents produce restricted rotation about the C−N bond at the imide termini. 89−91 Importantly the 1 H− 1 H ROESY NMR spectrum also revealed new through-space proton couplings that were indicative of intramolecular facial aromatic stacking interactions between the electron-rich hydroquinone groups of the peripheral macrocycles and the electron-deficient tetrachloro PDI motif that further support the nature of this coconformational change ( Figure S8 ). While solvophobic effects are thought to provide the thermodynamic driving force for this, occupancy of the PDI stations in 3·(PF 6 ) 2 is also enhanced upon the introduction of water (i.e., in 45:45:10 CDCl 3 : CD 3 OD:D 2 O) because of a hydrophobic contribution 57 toward the aromatic stacking interactions ( Figures S4 and S9) .
In summary, the significant high-or low-field shifting of signals and overall complex pattern of the spectrum of 3·(PF 6 ) 2 in 3:1 CDCl 3 :CD 3 OD can be interpreted in terms of shielding Figure 2 . Truncated 1 H NMR spectra of (a) bis-chloride and (b) bis-hexafluorophosphate salts of [3] catenane 3·(A) 2 (CDCl 3 , 298 K, 400 MHz) and the co-conformations associated with each. Black arrows indicate the greater potential for pirouetting rotary motion of the peripheral macrocycles around the triazolium stations in 3·(PF 6 ) 2 . All the tetrachloro PDI compounds reported in this work were isolated as a racemic mixture of two atropisomers that exist as a result of the twisted PDI scaffold. 69
Article or deshielding of protons by the interacting π systems of the three interlocked macrocyclic rings and the existence of slowly exchanging PDI-based co-conformers of the [3] catenane under these solvent conditions.
The addition of further aliquots of CD 3 OD had the effect of further increasing the complexity of the 1 H NMR spectrum suggesting that the increasing solvent polarity acts to favor the hydroquinone-containing macrocycle's affinity for the PDI stations ( Figure S4 ). Poor solubility of 3·(PF 6 ) 2 and a significant degree of signal broadening at higher percentages of CD 3 OD negated further one-and two-dimensional 1 H NMR investigation.
Chemical exchange peaks and through-space proton couplings in the 1 H− 1 H ROESY NMR spectrum revealed that the peripheral macrocycles of 3·(PF 6 ) 2 also resided at the PDI stations when the solvent system was switched to d 6 -DMSO ( Figure S10 ), enabling variable temperature (VT) 1 H NMR spectroscopy to be performed up to 130°C ( Figure  S11 ). Significant broadening and coalescence of peaks, indicative of an intermediate regime, only began to occur at 100°C, which reveals that the energetic barrier to permit free pirouetting of the macrocycles at the PDI stations, and thus more-rapid exchange between PDI-based co-conformers, is relatively high.
While the 1 H NMR spectrum of the [3] catenane bis-chloride salt 3·(Cl) 2 in 3:1 CDCl 3 :CD 3 OD also exhibits the effects of slow-exchange 92 (vide supra), comparison with the bishexafluorophosphate analogue revealed an overall downfield shift of the hydroquinone proton resonances (H γ−γ‴ ) and signals associated with the aromatic PDI protons (H k ) ( Figure  S12 ). This is indicative of peripheral macrocycle occupancy of the anion-binding triazolium stations (i.e., halide anion-induced circumrotatory motion), which is also evidenced by new through-space interactions in the two-dimensional 1 H ROESY NMR spectrum of 3·(Cl) 2 ( Figure S13 ).
Molecular Modeling. Further insights into the [3] catenane anion-induced rotary motions were obtained at the atomistic level through molecular dynamics (MD) simulations under- 
Article taken within the AMBER16 software package. 93 The [3]catenane's components were described with General Amber Force Field (GAFF) parameters 94, 95 and using Restricted Electrostatic Potential (RESP) charges. 96 The remaining classical force field parameters and simulation details are given in the SI.
A preliminary conformational analysis carried out in the gas phase by quenched MD run on the free larger PDI macrocycle 1 yielded a representative structure with a well-defined circular shape, as shown in Figure S14 . On the other hand, the structure of the peripheral macrocycles was taken directly from the macrocycle single-crystal X-ray structure deposited with the Cambridge Structural Database 97 (see SI for details), with the alkene fragment on the ether loop adopting a trans configuration. Two isophthalamide macrocycles and a PDI station were assembled, yielding the [3] catenane. The isophthalamide clefts from the peripheral macrocycles and the triazolium stations' C−H d are interlocked in an orthogonal binding arrangement, affording co-conformation 3 A , with the isophthalamide clefts in opposite positions relative to the plane defined by the framework of the PDI macrocycle. This starting co-conformation was further used to investigate the pirouetting and circumrotatory motions of the [3] catenane in the presence of either two coordinating (Cl − ) or non-coordinating (PF 6 − ) anions.
The starting conformation with a chloride anion lodged in each binding pocket, 3 A ·(Cl) 2 (Figure 4 ), was immersed in cubic boxes composed of 1219 chloroform and 803 methanol molecules, randomly distributed, in agreement with a 3:1 (v/v) CHCl 3 :CH 3 OH solvent mixture as used in the 1 H NMR studies. Two independent replicates were carried out under periodic boundary conditions following a multi-stage protocol (see SI, section 4.4) and using the PMEMD executable with GPU acceleration as simulation engine. 98 The dynamic behavior of 3 A ·(Cl) 2 was ascertained throughout the 100 ns of sampling time, monitoring the distances from the chloride anions to the carbon atoms of triazolium stations (C−H c ···Cl − and C−H d ···Cl − ). The evolution of these distances is plotted along the counting of the N−H ψ ···Cl − hydrogen bonding interactions in Figure S15 for both MD replicates, and the dimensions of the hydrogen bonds to the isophthalamide macrocycles are summarized in Table S1 .
Overall, throughout most of the MD simulation time, each chloride anion maintains two N−H ψ ···Cl − hydrogen bonds with the isophthalamide clefts of the peripheral macrocycles, and these are assisted by C−H c/d ···Cl − bonds with the triazolium station protons. Strikingly, the interruption of the N−H ψ ···Cl − hydrogen bonds monitored along the two independent MD runs is intermittent and unrelated with significant co-conformational changes on the [3] catenane. This provides a clear indication that, in agreement with 1 H NMR spectroscopy studies (vide supra), the isophthalamide macrocycles can reside at the triazolium stations in the 3:1 (v/v) CHCl 3 :CH 3 OH solvent mixture due to convergent hydrogen bonding interactions from the interlocked components toward the chloride guest. On the other hand, the evolution of the triazolium C−H c/d ···Cl − distances plotted in Figure S15 shows that at ca. 15 ns of the first MD replicate, one of the C−H d ··· Cl − interactions is replaced by C−H c ···Cl − ones, while the N−H ψ ···Cl − hydrogen bonds are preserved. In other words, the triazolium unit of the central ring has rotated within its peripheral macrocycle, as illustrated in Figure S16 and further discussed in section 4.2 of the SI.
In addition, there is pirouetting motion of the peripheral isophthalamide macrocycles around the triazolium stations. This structural feature is clearly shown in Figure S17 (left), with the 3D surface histogram built with the positions occupied along the second MD run by the centers of mass defined by the two nitrogen atoms of each isophthalamide cleft (equivalent results were observed for the first MD replicate). While one of the peripheral macrocycles is able to pirouette around its triazolium station (blue cloud), the rotation of the other ring (red cloud) is more restricted and undergoes only half a pirouetting motion. On the other hand, these histograms also indicate that the most common positions (the larger regions of the clouds) of the binding clefts result from a more restricted motion.
To ascertain the influence of solvent polarity on pirouetting motions, 3 A ·(Cl) 2 was also investigated in pure chloroform through two independent MD runs of 100 ns each (see SI, section 4.4). In both replicates, the two chloride anions are maintained tightly bonded to the isophthalamide clefts by two convergent N−H ψ ···Cl − hydrogen bonds together (see Table  S2 ) 99 with C−H d ···Cl − hydrogen bonds ( Figure S18 ). Hence, the pirouetting motions observed for both peripheral macrocycles are limited to only a half turn (see Figure S19 ), which is in agreement with observations from the previous 1 H NMR spectroscopic studies in CDCl 3 . Furthermore, the MD results obtained in both solvent media also support the theory (vide supra) that desymmetrization of the macrocyclic rings occupying the triazolium stations is, in part, responsible for the complex 1 H NMR spectra obtained in solution.
Following the 1 H NMR spectroscopic findings in the 3:1 (v/ v) CDCl 3 :CD 3 OD solvent mixture, the ability of the peripheral macrocycles to interact with the PDI station in the presence of chloride anions was also evaluated. Thus, both isophthalamide macrocycles hydrogen bonded to the chloride anions were relocated to the tetrachloro perylene diimide motif, affording 
Article the starting conformation 3 B ·(Cl) 2 with the two electron-rich hydroquinones from each peripheral macrocycle establishing facial aromatic stacking interactions with a side of the extended electron-deficient PDI moiety. Two independent MD runs with sampling periods of 100 ns each with these new binding arrangements were performed using the same multi-stage simulation protocol for 3 A ·(Cl) 2 . Both chloride anions migrate toward the positively charged triazolium stations during the equilibration stage, while the peripheral macrocycles remain at the PDI station until the end of simulation, as shown in Figure  5 (co-conformation change path a). Indeed, in both replicates, the aromatic stacking interactions between the PDI station and the hydroquinone rings are preserved throughout most of the simulation time with inter-aromatic distances C HYD ···C PDI of 3.730 ± 0.410 Å (Table S3 ). 100 Furthermore, these are assisted by intermittent N−H ψ ···O hydrogen bonds to the imide carbonyl groups, which are sporadically replaced by N−H ψ ···Cl ones with the PDI chlorine substituents (Table S4 ). These cooperative non-covalent interactions significantly restrict pirouetting of the isophthalamide macrocycles at the PDI stations (to a far greater degree than at the triazolium stations) and so, alongside structural rigidity and steric restraint, are the likely cause of the slow rotations of the interlocked rings that induce significant complexity from chemical exchange in the 1 H NMR spectra (vide supra). This structural feature is precisely illustrated in Figure S17 (right) .
Given that the simulations reported above show that the anions were electrostatically attracted to the triazolium stations, the following question arises: does the coordination of chloride anions by the peripheral isophthalamide macrocycles trigger their circumrotatory motion to the triazolium stations as suggested by the 1 H NMR studies? Thus, the previous simulations were repeated with weak harmonic restraints on the N···Cl − distances (i.e., mimicking the anion stimulus), since the hydrogen bonding interactions in GAFF 94, 95 are accounted in the electrostatic and van der Waals interactions. With the application of these distance restraints, we observed the restricted circumrotation of both macrocycles hydrogen bonded to their anions from the PDI stations to the triazolium ones, thus converting 3 B ·(Cl) 2 into 3 A ·(Cl) 2 , as clearly depicted in Movie S1 and Figure 5 (path b) .
As suggested by the 1 H NMR data, the hetero [3] catenane's circumrotatory motion is induced by changing the nature of the anion. To demonstrate this, the interactions between hexafluorophosphate anions and 3 were investigated in the solvent mixture, starting with 3 B ·(PF 6 ) 2 , in which the polyatomic anions were positioned near the isophthalamide binding units of the peripheral macrocycles and at the PDI station. Analogous to the MD simulations with 3 B ·(Cl) 2 without restraints, the PF 6 − anions freely migrate to the triazolium stations within the first nanoseconds of simulation time, while the peripheral macrocycles are held to the PDI station by aromatic stacking and hydrogen-bonding interactions to the PDI station, as described above (Figure 5, path c) .
For comparison purposes, the dynamic behavior of 3 B ·(Cl) 2 was also investigated by MD simulation for 100 ns immersed in a pure chloroform solvent box. Noteworthy, in the absence of competitive methanol molecules, both chloride anions, tightly bonded to the isophthalamide macrocycles, independently migrate toward the triazolium stations within the first 2 ns of MD simulation, akin to the simulations in the chloroform− methanol solvent mixture and in agreement with the corresponding 1 H NMR spectroscopic characterization of solvent-induced molecular motion. In other words, the use of Coloring details as given in Figure 4 .
Article N···Cl − distance restraints in the competitive solvent mixture (i.e., an anion stimulus) or the removal of the competitive methanol molecules (i.e., a solvent stimulus) leads to the largeamplitude circumrotatory motion of the peripheral macrocycles ( Figure 5, path b ). In this context, it is important to note that the chloride anions are more extensively solvated by methanol molecules rather than by chloroform ones, as further discussed in the SI, section 4.2.
In summary, these MD simulations demonstrate there is some, albeit relatively restricted, pirouetting motion of the peripheral macrocyclic rings in the triazolium-based coconformers of the [3] catenane in solution, while in the PDIbased analogues there is significant restraint, which serves to explain the complex 1 H NMR spectra obtained upon the addition of polar protic solvent. Importantly, with the simulations carried out on the starting co-conformation 3 B · (Cl) 2 , when N−H ψ ···Cl − distances restraints were applied in the methanol−chloroform solvent mixture, chloride anionbinding-induced circumrotatory molecular motion of the peripheral macrocycles from the PDI stations to the triazolium anion recognition sites takes place. Furthermore, the stimulus of solvent exchange to pure chloroform had the same effect.
Optical UV−Visible and Fluorescence Solvent-Dependent Rotary Motion Studies. The solvent-dependent induced circumrotatory motion of 3·(PF 6 ) 2 also elicited a distinct naked-eye color change of the solution from orange in CDCl 3 to red in 3:1 CDCl 3 :CD 3 OD (Figure 3c ). Further investigation of the [3] catenane's dynamic behavior was therefore undertaken using UV−vis spectroscopy to monitor the electronic spectrum of 3·(PF 6 ) 2 in increasingly polar CHCl 3 :CH 3 OH solvent mixtures ( Figure 6 ).
The well resolved vibronic fine structure of the S 0 −S 1 PDI absorption band persistent in all UV−vis spectra of 3·(PF 6 ) 2 , even at a relatively high concentration of 10 −4 M, indicates that the PDI [3] catenane exists as a monomeric species in solution. 54, 56 This is to be expected because the highly twisted bay substituted tetrachloro PDI-containing molecules are known to exhibit some of the lowest self-aggregation constants of PDI-derivatives, even at up to mM concentrations. 66, 68, 101 Increasing the proportion of polar protic solvent (CH 3 OH or H 2 O) in the [3] catenane solution results in a significant reduction in intensity of the main PDI absorption band (λ abs,max ≈ 525 nm) and the appearance of new absorption bands at longer wavelength (λ abs > 550 nm). Based upon similar observations by Wurthner et al. in the UV−vis spectra of charge-transfer complexes formed by PDI cyclophanes, 102, 103 the feature at λ abs > 550 nm is attributed to charge-transfer bands arising from donor−acceptor aromatic stacking interactions between the electron-rich hydroquinone groups of the macrocycles and the electron-deficient tetrachloro PDI motif. 104 Furthermore, the formation of several isosbestic points indicate the establishment of a thermodynamic equilibrium between co-conformations as the peripheral macrocycles move from the triazolium to PDI stations. This is in line with the findings from the 1 H NMR spectroscopic and MD studies.
Importantly, the solvent-induced changes seen in the UV−vis spectra of [3] catenane 3·(PF 6 ) 2 are a direct consequence of circumrotatory macrocycle motion driven by intramolecular interactions with the PDI stations and not the formation of PDI aggregates by intermolecular aromatic stacking (see SI, section 5.2), [57] [58] [59] 105, 106 because there is only a small solvent dependence to the electronic absorption spectrum of the PDI macrocycle 1·(BF 4 ) 2 ( Figure S21a ). Further analysis of the vibronic progression of the S 0 −S 1 PDI absorption band reveals a nearly constant A 0−0 /A 0−1 ratio of 1.44 for the macrocycle in each solvent, while the decrease of A 0−0 /A 0−1 from 1.43 to 1.22 for the [3] catenane upon changing from CHCl 3 to MeOH is indicative of the emergence of aromatic stacking interactions involving PDI (Figures 6 and S21a) . 107, 108 The absence of absorptions at λ abs > 550 nm in the UV spectra results in the macrocycle 1·(BF 4 ) 2 solution remaining orange under all solvent conditions ( Figure S21b ). Therefore, courtesy of its inherent circumrotational motion, the [3] catenane is able to distinguish between solvents and so can potentially be utilized as a novel molecular probe for colorimetric solvent sensing.
The solvent-induced co-conformational change exhibited by [3] catenane 3·(PF 6 ) 2 was also investigated by fluorescence spectroscopy at the same concentration ( Figure 6 ). As expected, the emergence of additional non-radiative decay channels such as charge-transfer interactions, as the peripheral macrocycles move to interact with the PDI stations of the central ring causes substantial quenching of the PDI fluorescence emission intensity, with this effect becoming more pronounced (up to 92% 109 ) in increasingly polar solvent media. Interestingly, a significant decrease in emission intensity (86%) is also observed for the free PDI macrocycle 1·(BF 4 ) 2 , which indicates that the solvent dependence of the decay pathway of the PDI excited state in the [3] catenane cannot be ascribed to only the dynamic behavior of the macrocycles ( Figure S22 ). However, dilution of 1·(BF 4 ) 2 and 3·(PF 6 ) 2 to 10 −7 M produced the same results ( Figure S23) , which, as well as the absence of red-shifted PDI excimer-type emission 101, 110, 111 at high concentration, suggests that aggregateinduced quenching 58, 112 is not a significant mechanism in these systems. Instead, quenching may occur by a competitive chargetransfer process from neighboring electron-rich substituents to PDI. 113 Optical Anion Sensing Studies. In similar fashion to the protic solvent stimulus, the addition of tetrabutylammonium (TBA) chloride to a solution of 3·(PF 6 ) 2 in 3:1 CHCl 3 : CH 3 OH caused a significant naked-eye detectable color change from red to orange (Figure 7) . UV−visible anion titration experiments revealed this was concomitant with a hypsochromic shift of λ abs,max and a decrease in the intensity of the 
Article absorption bands at λ abs > 550 nm (Figure 8a ) resulting from the loss of intramolecular interactions between the PDI stations and the peripheral hydroquinone-containing macrocycles.
This halide anion-mediated dynamic behavior, characterized by 1 H NMR spectroscopy and MD studies, was also investigated by fluorescence spectroscopy 114 with a notable increase in the PDI emission intensity (quantum yield enhancement factor of 57% 109 ) being observed upon addition of 60 equiv of chloride ( Figure 8a ). As expected from the 1 H NMR spectroscopic studies, the same turn-on fluorescent response was also produced in DMSO ( Figure S24) . Importantly, confirmation that the large-amplitude chloride anion-binding-induced circumrotatory molecular motion (Figure 7 and SI, section 5.2) is responsible for these changes was verified by no such optical responses being observed in the absorption or emission spectra for the central PDI macrocycle 1·(BF 4 ) 2 (Figure 8b) or indeed when the experiments were repeated with the [3] catenane 3·(PF 6 ) 2 in neat CHCl 3 ( Figure  S25 ).
In addition to chloride, optical anion sensing was also observed upon the addition of other TBA oxoanion salts to a solution of 3·(PF 6 ) 2 in 3:1 CHCl 3 :CH 3 OH ( Figure S26 ). The formation of several isosbestic points in the UV−vis titration spectra permitted quantitative analysis using Bindfit, 115 which revealed 1:2 host:guest stoichiometric binding for all monoanionic guests with a trend in binding strength that correlates with their basicity (Table 1 and SI, section 6). 116 Besides the changes in the electronic absorption spectra, the exquisite sensing capabilities of [3] catenane 3·(PF 6 ) 2 are also demonstrated in the significant turn-on fluorescence emission 
Article response, which reports the recognition of anions at a low guest concentration (10 −5 M) and in a competitive aqueous−organic solvent medium of 45:45:10 CHCl 3 :CH 3 OH:H 2 O ( Figure S27 and Table S6 ).
■ CONCLUSIONS
A rare example of a dynamic hetero [3] catenane comprised of a large central four-station tetrachloro perylene diimide−bistriazolium ring and two smaller peripheral isophthalamidecontaining macrocycles was synthesized by anion templation and isolated as coordinating chloride and non-coordinating hexafluorophosphate anion salts.
NMR, UV−vis, and fluorescence emission spectroscopies and molecular dynamics simulations were employed to comprehensively study the interlocked structure's rotary dynamic behavior in a chloroform−methanol solvent mixture. These techniques demonstrated that with the hetero[3]catenane 3·(PF 6 ) 2 , chloride anion-induced circumrotatory motion of the smaller macrocyclic rings from the coresubstituted PDI motif to the two triazolium groups occurred upon anion recognition. Such unprecedented control over the rotary dynamics of an anion-binding [3] catenane enabled colorimetric and fluorescence anion sensing to be performed, notably in competitive protic organic and aqueous−organic solvent media. As mechanically interlocked molecular switches and machines begin to find applications in many areas of nanotechnology, this work serves to highlight the significant potential that molecular recognition stimulus-induced molecular motion has in the development of the next generation of sensory devices.
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